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Abstract
Developmental dyslexia is a neurodevelopmental disorder with a strong genetic basis. Previous studies observed white matter
alterations in the left posterior brain regions in adults and school-age children with dyslexia. However, no study yet has
examined the development of tract-speciﬁc white matter pathways from the pre-reading to the ﬂuent reading stage in children
at familial risk for dyslexia (FHD+) versus controls (FHD−). This study examined white matter integrity at pre-reading, beginning,
and ﬂuent reading stages cross-sectionally (n = 78) and longitudinally (n = 45) using an automated ﬁber-tract quantiﬁcation
method. Our ﬁndings depict white matter alterations and atypical lateralization of the arcuate fasciculus at the pre-reading
stage in FHD+ versus FHD− children. Moreover, we demonstrate faster white matter development in subsequent good versus
poor readers and a positive association between white matter maturation and reading development using a longitudinal design.
Additionally, the combination of white matter maturation, familial risk, and psychometric measures best predicted later
reading abilities. Furthermore, within FHD+ children, subsequent good readers exhibited faster white matter development in
the right superior longitudinal fasciculus compared with subsequent poor readers, suggesting a compensatory mechanism.
Overall, our ﬁndings highlight the importance of white matter pathway maturation in the development of typical and atypical
reading skills.
Key words: developmental dyslexia, familial risk, longitudinal, tractography, white matter development

Introduction
Learning to read is a developmental process that requires the
seamless integration of neural circuits involved in vision, audition,
and language, and is accompanied by prominent experiencedependent functional and gray matter plasticity in various brain
regions, including temporo-parietal, temporo-occipital, superior
temporal, and inferior frontal regions (Turkeltaub et al. 2003).

Studies show that 5–17% of all children persistently struggle
with learning to read and suffer from developmental dyslexia
(DD), the most common learning disability (Lyon et al. 2003;
McCandliss and Noble 2003). DD has an estimated heritability of
58% (Pennington and Olson 2005) and has been genetically linked
to at least 4 candidate susceptibility genes (DYX1C1, KIAA0319,
DCDC2, and ROBO1) (Galaburda et al. 2006). Notably, experimental
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interference with these genes leads to abnormal cortical neuronal
migration during cortical development in rodents (Galaburda
1993; Taipale et al. 2003; Cope et al. 2005; Meng et al. 2005; Fisher
and Francks 2006; Galaburda et al. 2006). Children with a family
history of DD have a 34–56% chance of developing DD (Pennington
and Leﬂy 2001). However, while there is increasing evidence of the
neurobiological substrates of DD, the causes of DD are still
debated.
An abundance of neuroimaging studies have shown atypical
neurobiological substrates of DD in all components of the reading
circuitry. For example, functional magnetic resonance imaging
(fMRI) studies have reported reduced activation of left temporoparietal and temporo-occipital regions during reading and reading-related tasks in school-age children and adults with reading
impairment or a diagnosis of DD (Shaywitz and Shaywitz 2008;
Gabrieli 2009; Richlan et al. 2009; Martin et al. 2015), as well as
in pre-readers with or without familial risk for DD (Specht
et al. 2009; Yamada et al. 2011; Raschle, Zuk, Ortiz-Mantilla, et al.
2012; Raschle, Zuk, Gaab 2012; Bach et al. 2013; Raschle et al. 2013).
Furthermore, structural MRI using voxel-based morphometry
(VBM) has revealed decreased gray matter volume indices in left
posterior brain regions in individuals with DD (Eckert et al. 2005;
Hoeft et al. 2007; Krafnick et al. 2011, 2014; Linkersdorfer et al.
2015) and pre-readers at familial risk for DD (Raschle et al. 2011;
Simon et al. 2013). Additionally, structural MRI data have demonstrated atypical sulcal patterns in school-age children with DD
and kindergartners at familial risk for DD, which might originate
from altered organization of white matter and cortical function
(Im et al. 2014).
The structural connections between these functional cortical
regions are formed through axonal bundles that can be quantiﬁed in vivo using diffusion tensor imaging (DTI) (Mori and van
Zijl 2002; Mori et al. 2009). This technique provides quantitative
measures including fractional anisotropy (FA) as a normalized
scalar measure of the degree of diffusion anisotropy, axial diffusivity (AD) as a measure of diffusion parallel to white matter
tracts, and radial diffusivity (RD) as a measure of diffusion perpendicular to white matter tracts (Le Bihan et al. 2001). Differences in FA values can either be attributed to myelination,
which has also been associated with RD, or axonal properties (including the number of axons, axon density, and axon caliber),
which have been linked to AD (Vandermosten, Boets, Wouters,
et al. 2012). Importantly, learning to read requires transformation
from print to speech and print to meaning, which involves multiple functional cortical regions connected through white matter
pathways. Three white matter pathways that have been most
strongly linked to language and reading include the left arcuate
fasciculus (AF), the left superior longitudinal fasciculus (SLF),
and the left inferior longitudinal fasciculus (ILF) (Hoeft et al.
2011; Yeatman, Dougherty, Ben-Shachar, et al. 2012; Saygin
et al. 2013; Myers et al. 2014). The left AF consists of a long medial
segment connecting the superior temporal gyrus (STG) and inferior frontal gyrus (IFG); a lateral anterior segment connecting the
IFG and the inferior parietal lobule (IPL); and a lateral posterior
segment linking the STG and IPL. These regions have been related
to various reading and reading-related skills (Anderson et al.
1999; Duffau 2008; Vandermosten, Boets, Poelmans, et al. 2012).
The left SLF connects inferior parietal and inferior frontal/premotor regions. It has been shown to map phonemic representations to motor representations and to sustain the phonological
aspects of speech perception (Hickok and Poeppel 2004, 2007;
Wandell and Yeatman 2013; Qi et al. 2015). The left ILF carries signals from the posterior inferior temporal gyrus to the anterior
and medial temporal lobe, which have been proposed to play

an important role in mapping visual information about words
to their lexical meaning (Anwander et al. 2007; Yeatman, Dougherty, Ben-Shachar, et al. 2012; Yeatman, Rauschecker, et al. 2012;
Wandell and Yeatman 2013; Cummine et al. 2015; Qi et al. 2015).
The reading-related functions of these tracts stem from lesion
studies (Epelbaum et al. 2008; Szwed et al. 2011) and studies
that examined illiterate adults before and after reading instruction (Dehaene and Cohen 2011), as well as cross-sectional studies
examining correlations between white matter microstructure
and ( pre-) reading skills in beginning, emergent, and ﬂuent readers (Hoeft et al. 2011; Saygin et al. 2013; Cummine et al. 2015). Furthermore, 1 study also revealed anomalies in the left inferior
fronto-occipital fasciculus (IFOF) in Dutch-speaking pre-reading
children at risk for dyslexia, but the study failed to observe alterations in the left AF and right homologs (Vandermosten et al.
2015). Notably, evidence for white matter microstructure prior
to formal reading instruction is limited and inconclusive since
most neuroimaging studies focus on school-age children or
adults with reading impairment or DD. Moreover, to date, no
study has examined white matter microstructure across early
reading development from the pre-reading to the ﬂuent reading
stages, cross-sectionally or longitudinally.
Previous studies have demonstrated lower FA in the left AF,
SLF, and ILF in children and adults with reading impairment or
DD (Richards et al. 2008; Hoeft et al. 2011; Yeatman et al. 2011;
Vandermosten, Boets, Poelmans, et al. 2012; Yeatman, Dougherty, Ben-Shachar, et al. 2012; Boets et al. 2013; Saygin et al.
2013; Myers et al. 2014). In addition, polymorphism in the dyslexia susceptibility genes has been related to alterations in
white matter structure (Darki et al. 2012; Scerri et al. 2012). Decreased FA in white matter tracts relevant to language or reading
was also evident in beginning readers (Hosseini et al. 2013) and
pre-readers (Vandermosten et al. 2015), as well as infants (Langer
et al. 2015) who are at familial risk for DD, suggesting that white
matter alterations precede DD. However, the lack of longitudinal
data in the current literature limits our understanding of how
white matter developmental changes differ due to the genetic
predisposition to dyslexia.
Recent advancement in diffusion tractography allows researchers to compute FA at multiple nodes along a white matter
pathway (tract) instead of merely a global mean value (Mori and
van Zijl 2002; Yeatman, Dougherty, Myall, et al. 2012). Using this
technique, named Automatic Fiber Quantiﬁcation (AFQ) (Yeatman, Dougherty, Myall, et al. 2012), Johnson et al. (2013) have reported not only that diffusion properties vary signiﬁcantly along
a tract, but also the relationship between age and diffusion metrics changes along a given tract. These ﬁndings suggest focal/regional variability in age-related white matter development
across a tract (Johnson et al. 2013). White matter consists mostly
of glial cells and myelinated axons that transmit signals between
brain regions. Thousands of axons enter and excite at different
special locations along a white matter ﬁber. Thus, summarizing
the entire tract with a single diffusion parameter may lose valuable information, whereas examining regional diffusion properties may provide a detailed characterization of development of
white matter tract structure during early childhood (Basser
et al. 1994). Especially, during brain development in early and
middle childhood (birth to 12 years), rapid changes are happening in the white matter (Dubois et al. 2006; Hermoye et al. 2006).
White matter development includes 2 major processes: myelination that leads to increased FA, and pruning that leads to decreased FA. For healthy children, FA increases with age until
early adolescence, which is primarily driven by brain maturation
consisting of myelination and pruning (Giedd et al. 1999;
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Schmithorst et al. 2002). Meanwhile, intervention studies have
reported FA increases in response to reading intervention (Keller
and Just 2009; Hoeft et al. 2011), suggesting the possibility of additional experience/environment-driven increases of FA. Using
AFQ, Yeatman, Dougherty, Ben-Shachar, et al. (2012) demonstrated that children with above-average reading skills initially
show low fractional anisotropy (FA) at age 7 that increased over
the examined 3-year period in the left AF and ILF when compared
with children with below-average reading skills. They suggested
that the dual process which consists of myelination increasing
FA and pruning decreasing FA during brain maturation differs depending on reading skill. However, their study does not capture the
process of learning to read, which a typically developing child usually accomplishes between age 5 and 6 (kindergarten). The present
study aims to examine this relationship between white matter
development and ( pre-) reading skills in younger children, from
the pre-reading to the ﬂuent reading stage (age 5–12).
Furthermore, several studies have discussed reduced lateralization as 1 contributing factor of DD. In 1985, Galaburda and
colleagues reported reduced left-hemispheric asymmetry of the
planum temporale, which is part of the superior temporal lobe,
in post-mortem analyses of adults with dyslexia (Galaburda
et al. 1985). Based on this result, the authors hypothesized
that speciﬁc inﬂuences in utero can reduce the developmental
rate of left-hemispheric structures within the language/reading
network, thus diminishing the magnitude of the well-established
left-hemispheric lateralization in individuals with dyslexia
(Geschwind and Galaburda 1985; Galaburda et al. 2006).
KIAA0319, one of the candidate dyslexia susceptibility genes
that is involved in neuronal migration, has been associated
with the left–right asymmetry of brain activations for reading
in temporal cortex using fMRI (Pinel et al. 2012). Additionally, recent studies have proposed a tentative model that hypothesizes
genetic anomalies of the cortical micro-architecture in the lefthemispheric temporal lobe, where phonological deﬁcits could
arise (Lehongre et al. 2011; Giraud and Ramus 2013). Using modern neuroimaging techniques like fMRI and DTI, Vernooij et al.
(2007) reported signiﬁcant leftward asymmetry in the relative
ﬁber density of the AF in 20 healthy adults, whereas a recent
study demonstrated reduced left lateralization of the AF in adults
with dyslexia (Vandermosten et al. 2013). This evidence suggests
a relationship between atypical hemispheric lateralization of AF
and dyslexia. It will be of great importance to examine how lateralization evolves over time in children with or without a family
history of DD/with and without subsequent diagnosis of DD.
Several previous studies suggested a potential compensatory
mechanism that enables individuals with dyslexia to overcome
dysfunctions in left posterior cortical areas by utilizing the homologous regions of the right hemisphere. For instance, Hoeft et al.
have reported that greater right IFG activation during a reading
task and higher FA values in the right SLF (including AF) signiﬁcantly predicted future reading gains over a 2.5-year period in
children with dyslexia (Hoeft et al. 2011). Their ﬁndings suggested
that the right IFG and SLF may be critical for longitudinal reading
improvement in children with dyslexia. Moreover, it has been
shown that individuals with dyslexia demonstrated hyperactivation in the right IFG (Shaywitz et al. 1998; Milne et al. 2002;
Shaywitz et al. 2003) which suggests that compensatory mechanism can be observed structurally and functionally. However, the
characteristics of a compensatory mechanism have not yet been
explored in children with and without family history of DD across
the time course of early reading development.
Furthermore, several neuroimaging studies have revealed
that brain structure and function in early readers are effective
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predictors of later reading abilities (Hoeft et al. 2007, 2011;
Giedd and Rapoport 2010; McNorgan et al. 2011; Yeatman, Dougherty, Ben-Shachar, et al. 2012; Bach et al. 2013). Hoeft et al. (2007)
reported that a combined regression model including fMRI data,
VBM data, and standardized behavioral measures explained
about 81% of the variance of later reading ability, which is more
predictive than unimodal models. Recently, 2 DTI studies demonstrated that FA-development rates in elementary school children
also yield relatively strong prediction values. In one, about 43%
of reading variance was predicted by the FA-development rates
of the left AF and ILF (Yeatman, Dougherty, Ben-Shachar, et al.
2012), while in the other study, volume changes in temporoparietal white matter tracts combined with preliteracy measures
predicted 56% of the variance in reading outcomes (Myers et al.
2014). These results emphasized that the developmental
trajectory of brain structure might provide more information
about the underlying brain mechanisms related to reading (Wandell and Yeatman 2013). Nevertheless, no study to date has examined how well the combination of FA-development rates and
behavioral measures in preliterate children, along with familial
risk, predict later reading skills in elementary school.
To investigate these open questions, we utilized an AFQ
method (Yeatman, Dougherty, Myall, et al. 2012) in children
with (FHD+) and without (FHD−) a family history of DD to 1)
examine the regional tract-speciﬁc white matter microstructure
in the left AF, ILF, and SLF from the pre-reading to the ﬂuent reading stage in a cross-sectional cohort of 78 FHD− and FHD+
children; 2) examine the differences of FA-developmental trajectories between FHD− and FHD+ children and the differences of
FA-developmental trajectories between subsequent good and
poor readers in a longitudinal cohort of 45 children; 3) examine
whether the longitudinal rate of FA-development correlates
with the development of reading skills; and 4) discern the optimal combination of development of white matter tracts,
preliteracy behavioral measures, and familial risk status to best
predict later reading outcomes in elementary school.

Materials and Methods
Participants
A sample of 78 healthy, native English-speaking children was recruited between May and November of their kindergarten entry
year and followed longitudinally thereafter as participants in
the Boston Longitudinal Dyslexia study (BOLD) (Raschle, Zuk,
Ortiz-Mantilla, et al. 2012; Raschle, Zuk, Gaab 2012) (see Supplementary Table 1). For the cross-sectional cohort, 78 children
were divided into 3 developmental groups. Children who recognized fewer than 9 single words were regarded as pre-readers.
Children who had either entered kindergarten or 1st/2nd grade
were regarded as beginning readers. Children who had entered
3rd/4th/5th grade were regarded as ﬂuent readers. Forty-ﬁve children (age range: 59–150 months, 24 boys, 21 girls) who had at least
one ﬁrst-degree relative with a clinical diagnosis of DD were classiﬁed as FHD+ (with a family history of DD). Thirty-three children
(age range: 60–134 months 18 boys/15 girls) who had no ﬁrst-degree relatives with DD or reading difﬁculties were classiﬁed as
FHD− (without a family history of DD).
Of the 78 children, 45 had >1 scan point and formed the longitudinal cohort (FHD−: n = 22, mean age at the ﬁrst data point: 80
months 10 boys/12 girls; FHD+: n = 23, mean age at the ﬁrst data
point: 81 months 13 boys/10 girls), with a total of 103 scans (see
Supplementary Table 2). None of the participants had any history
of neurological or psychological symptoms, head injuries, visual
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problems, or hearing loss. The study was approved by the Institutional Review Board at Boston Children’s Hospital. Written informed consent was obtained from each participant’s parents,
and verbal assent was obtained from each participant.

Behavioral Assessments
At the time of initial recruitment, all participants were screened
for pre-reading status using the Word Identiﬁcation (ID) subtest
of the Woodcock Reading Mastery Test-Revised (WRMT-R)
(Woodcock 1987). In addition, a set of standardized assessments
examining language functions and intelligence was administered,
including the Clinical Evaluation of Language FundamentalsFourth Edition (CELF-4) (Semel et al. 1999), the Rapid Automatized
Naming/Rapid Alternating Stimulus Tests (RAN/RAS) (Wolf and
Denckla 2005), the Comprehensive Test Of Phonological Processing (CTOPP) (Torgesen et al. 1999a,b), the Test of Silent Word Reading Fluency (TOSWRF) (Hammill et al. 2004), the Test Of Memory
And Learning Second Edition (TOMAL2) (Reynolds and Voress
2007), and the Kaufman Brief Intelligence Test Second Edition
(KBIT-2) (Kaufman and Kaufman 1990). After the ﬁrst-year imaging scan, reading assessments were added into the behavioral
testing battery, including the Test Of Word Reading Efﬁciency
(TOWRE) (Torgesen et al. 1999a,b), the Gray Oral Reading Test
Fifth Edition (GORT-5) (Wiederholt and Bryant 2001), the Passage
Comprehension subtest of WRMT-R, and the Reading Fluency
subtest of the Woodcock-Johnson Test of Achievement Third
Edition (WJ-III) (Woodcock et al. 2001). Supplementary Table 1
presents descriptive statistics for the 2 groups (FHD− and FHD+).

Image Acquisition
All participants underwent MRI scans on a 3.0 T Siemens Tim
Trio whole-body MRI system (Siemens Medical Solutions, Erlangen, Germany) using multi-echo magnetization-prepared rapid
gradient-echo sequences with prospective motion correction
(mocoMEMPRAGE) for structural T1-weighted images and echo
planar image (EPI) sequence of 30 gradient directions for diffusion-weighted images with a 12-channel head coil. The imaging
parameters for structural MRI were as follows: ﬂip angle/TE/TR/
TA = 7 degrees/1450 ms/2270 ms/4:51 min; ﬁeld of view (FOV) =
220 × 220 mm; in-plane acceleration (GRAPPA) factor of 2; spatial
resolution = 1.1 × 1.1 × 1.0 mm (176 slices). The imaging parameters for diffusion-weighted imaging (DWI) were as follows:
ﬂip angle/TE/TR/TA/FOV = 90 degrees/88 ms/8320 ms/5:59 min/
256 × 256 mm; b = 1000 s/mm2. Each child underwent extensive
preparation and training in the mock MR scanner area before
the actual MRI scan session, which has been shown to improve
the child’s compliance and imaging data quality (Raschle et al.
2009; Raschle, Zuk, Ortiz-Mantilla, et al. 2012; Raschle, Zuk,
Gaab 2012).

Image Processing
The T1-weighted structural image was used to generate a brain
mask by removal of nonbrain tissue using the Brain Extraction
Tool (BET) (Smith 2002) from Functional MRI of the Brain
(FMRIB) software Library (Oxford, UK). DWI DICOM data were
converted into NRRD (teem.sourceforge.net/nrrd/) format using
DicomToNrrdConverter software from Slicer4 (www.slicer.org).
DWI quality control (QC) procedures were conducted using
DTIprep software (Liu et al. 2010) and visual inspection. Motion
artifacts were deﬁned by translation threshold of 2 mm and
rotation threshold of 0.5° through rigid registration-based volume-by-volume measures. Volumes with motion artifacts were
excluded from diffusion tensor estimation. After QC, DWI data

were processed using mrDiffusion, a toolbox from the VISTALab
(Stanford Vision and Imaging Science and Technology) diffusion
MRI software suite (www.vistalab.com) including Eddy current
correction and tensor-ﬁtting estimations (Rohde et al. 2004).
Diffusion tensors were ﬁtted using a linear least-squares (LS)
ﬁt, and eigenvalues from the diffusion tensor estimation were
used to compute FA, AD, and RD (Basser et al. 1994).

Automatic Fiber Quantiﬁcation
The AFQ (github.com/jyeatman/AFQ) software package (Yeatman, Dougherty, Myall, et al. 2012) was used to identify white
matter tracts. The AFQ analysis pipeline is described in greater
detail in Yeatman, Dougherty, Myall, et al. (2012). A brief description of the steps used in this study is provided here: 1) wholebrain tractography using a deterministic streamlines tracking algorithm (STT) (Mori et al. 1999; Basser et al. 2000) with an FA
threshold of 0.2 and angle threshold of 40°, 2) region of interest
(ROI)-based ﬁber tract segmentation, 3) ﬁber-tract cleaning
using a statistical outlier rejection algorithm, and 4) diffusion
characteristics quantiﬁcation at each node along the trajectory
of the ﬁber. Each ﬁber is sampled to 100 equidistant nodes that
can be used to compute FA value at each node (certain spatial location) along the ﬁber. AFQ segments the whole-brain ﬁber group
into 20 white matter tracts that are deﬁned in the white matter
atlas (Wakana et al. 2007). The analyses here focused on 3 lefthemispheric tracts that have been linked to reading ability including the AF, SLF, and ILF (Yeatman et al. 2011; Yeatman,
Dougherty, Ben-Shachar, et al. 2012; Saygin et al. 2013) (see Supplementary Fig. 1). Moreover, instead of computing mean diffusion parameters (FA, AD, RD), AFQ computes diffusion
parameters using a weighted sum of each ﬁber’s value at a
given node where a ﬁber is weighted based on its Mahalanobis
distance from the core or mean location of the tract (Johnson
et al. 2013). This improves detection power for group differences.
For each tract, 100 nodes along the tract were resampled to 50
nodes by discarding the portion of ﬁber tract where individual ﬁbers separate from the core fascicle toward their destination in
the cortex. This approach normalizes the ﬁber end points across
participants and improves the co-registration of each ﬁber tract
among all participants (Yeatman et al. 2011).

Statistical Analyses
All statistical analyses were executed using the R system (version
3.1.0 64 bit) (Ihaka and Gentleman 1996). The Shapiro–Wilk Normality test was used to determine whether a 2-sample t-test or
Mann–Whitney U test should be used for group comparison. Signiﬁcance was set at P = 0.05 for all analyses, and false discovery
rate (FDR) correction was applied to adjust for multiple comparisons (Benjamini and Hochberg 1995).
Cross-Sectional Analyses.Tract-speciﬁc white matter microstructure at
3 developmental stages. To examine group difference at each developmental stage, FA, AD, and RD values of each node along the tract
of interest were compared between FHD− and FHD+ children using
2-sample Wilcoxon rank-sum tests controlling for age and sex.
Lateralization of white matter microstructure at 3 developmental stages.
The lateralization index (LI) for each tract of interest was computed using the following equation: LI (FA) = 100 x [right (FA) −
left (FA)]/[right (FA) + left (FA)] (Vandermosten et al. 2013). A positive LI indicated right lateralization, whereas a negative LI
indicated left lateralization. To examine the group effect, the LI
of each node of the tract of interest was compared between

White Matter Development in Children At Risk for Dyslexia

FHD− and FHD+ children using 2-sample Wilcoxon rank-sum
tests controlling for age and sex.
Longitudinal Analyses.Tract-speciﬁc white matter maturation. Among
the cross-sectional cohort of 78 children, 45 children had at least
2 but no more than 4 DWI scans. The total number of imaging
scans was 103. Based on the cross-sectional results that indicated
lower FA in FHD+ compared with FHD− children at all reading
stages in 1 temporo-parietal segment of the left AF (node 24,
see Fig. 1), this segment (node 24) was chosen to examine the relationship between FA and age. FA values for FHD− and FHD+
children were modeled as FA = (Age) × β1 + β0 using a linear
mixed-effect model in the lme4 R package (Bates 2005). This allowed for a general variance–covariance for random effects for
each child. The 45 children within the longitudinal cohort were
divided into good readers and poor readers based on their standard scores for TOWRE PDE and SWE, WRMT-R Passage Comprehension, and WJ-III Reading Fluency at 2nd grade or later.
Children were classiﬁed as poor readers if they earned standard
scores below 85 on any of the 4 reading measures and as good
readers if they earned standard scores above 90 on all of the 4
reading measures. Then, FA values for good and poor readers
were also modeled as FA = (Age) × β1 + β0 using a linear mixedeffect model. Furthermore, the rate of FA-development from
each child demonstrates the average change year to year. Due
to missing data, the initial starting point is different for some
children. To eliminate differences in FA-development rate due
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to initial age, the rate of FA-development was age-adjusted
using general linear regression. At last, 2 sample t-tests were
used to examine the group differences of FA-development rate
between FHD− and FHD+ children, as well as between subsequent good and poor readers.
Brain development–behavioral relationship. Previous studies have
shown that the change in FA values over time for each child was
approximately linear (Giedd 2004; Yeatman, Dougherty, Ben-Shachar, et al. 2012). Thus, a linear model was employed to determine
each child’s rate of FA development. In addition, each child’s reading development was calculated by computing the annual
changes of WRMT-R Word ID and TOSWRF raw scores. These 2
reading assessments were chosen because the majority of our longitudinal cohort completed both measures, thus maximal children could be included in this correlation analysis. The rate of
FA development was adjusted for the initial starting age and was
then correlated with the annual changes of WRMT-R Word ID and
TOSWRF raw scores using Pearson’s correlation tests.
Prediction of Later Reading Comprehension and Fluency (Longitudinal)
To identify the optimal set of predictors for reading comprehension and ﬂuency, backward stepwise regression was used with an
initial linear regression model, including WMRT-R Passage
Comprehension or WJ-III Reading Fluency standard score (SS)
as the dependent variable and 10 independent variables, including age at the ﬁrst scan, familial risk status, gender, the mean FA-

Figure 1. Tract FA proﬁles between the 1st and 50th nodes for the left AF, ILF, SLF are shown for 3 developmental stages of reading. Solid lines represent the mean FA and
dotted lines denote standard error of the mean. Blue lines: FHD− children. Red lines: FHD+ children. Nodes that show signiﬁcantly higher FA in FHD− than in FHD+ children
are marked in red on the 3-dimensional rendered tract (P < 0.05, FDR-corrected). AF: arcuate fasciculus; ILF: inferior longitudinal fasciculus; SLF: superior longitudinal
fasciculus.
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development rates of left AF, ILF, and SLF, WRMT-R Letter ID SS,
RAN Object SS, CTOPP Nonword Repetition SS, and KBIT-2
Nonverbal IQ SS at the pre-reading stage before entering kindergarten (initial model: reading ability = β0 + β1 × age + β2 × familial
risk + β3 × gender + β4 × left AF + β5 × left ILF + β6 × left SLF + β7 ×
WRMT-R letter ID + β8 × RAN Object + β9 × CTOPP Nonword Repetition SS + β10 × KBIT-2 Nonverbal IQ + ε). Each tract had to be
summarized with mean FA due to the limitation of sample
size. Including all nodes in each tract within the initial model
would penalize the model with no degree of freedom. Reading
abilities were quantiﬁed using 2 aspects of reading including
reading comprehension and reading ﬂuency: 1) WRMT-R Passage
Comprehension SS as the measure of reading comprehension at
the beginning reading and reading stages; 2) WJ-III Reading
Fluency SS as the measure of reading ﬂuency at the beginning
reading and ﬂuent reading stages. Stepwise regression analyses
were utilized to pick the best ﬁnal model using the Akaike information criterion (AIC). In general, a smaller AIC indicates a better
model ﬁt. The contribution of each independent variable
included in the ﬁnal model was computed using the relaimpo
package in R (Gromping 2006). Ninety-ﬁve percent bootstrap
conﬁdence intervals were computed with 1000 iterations.
Potential Protective or Compensatory Factors in the Right SLF
(Longitudinal)
Previously, Hoeft et al. (2011) observed a positive correlation between white matter anisotropy in the right SLF and a reading
gain over 2.5 years in children with DD, but not in typical readers
(Hoeft et al. 2011), suggesting that the right SLF might play an
important compensatory/protective role during reading development in at-risk children or children with a DD diagnosis. In the
present study, only 1 out of 21 FHD− children developed into a
poor reader (5%), whereas 10 out of 21 FHD+ children developed
into poor readers (48%). Thus, there is not enough data to
compare good readers with poor readers within FHD− children.
Within FHD+ children, we further examine the differences of
FA-developmental rates in the right SLF between a group of 11
FHD+ children who subsequently developed into good readers
and a group of 10 FHD+ children who subsequently developed
into poor readers using 2-sample Wilcoxon rank-sum tests.

rapid automatized naming. At the beginning reading stage, FHD
− compared with FHD+ children showed signiﬁcantly better
performance on receptive and expressive language and single
word reading (timed and untimed). At the ﬂuent reading stage,
FHD− compared with FHD+ children showed signiﬁcantly better
performance in phonological processing, verbal memory, and
reading ﬂuency.

Cross-Sectional Analyses
Tract-Speciﬁc White Matter Microstructure at 3 Developmental Stages
Differences in FA values at each node along the left AF, ILF, and
SLF were examined between FHD− and FHD+ children at 3 developmental stages (see Fig. 1). For the left AF, the signiﬁcantly higher FA in FHD− compared with FHD+ children was present on
nodes 13–17 and 23–24 at the pre-reading stage (Fig. 1A), on
nodes 18–24 at the beginning reading stage (Fig. 1B), and on
nodes 23–24 at the ﬂuent reading stage (Fig. 1C). For the left ILF,
no group difference was present at the pre-reading stage. FHD−
children had signiﬁcantly higher FA on nodes 14–15 at the beginning reading stage and on nodes 13–14 at the ﬂuent reading stage.
For the left SLF, FHD− children displayed signiﬁcantly higher FA
on nodes 10–14 and 24–28 at the pre-reading stage and on
nodes 27–28 and 46–47 at the beginning reading stage. No group
difference was observed for AD values. Differences in RD values
between FHD− and FHD+ children at 3 developmental stages
are shown in Supplementary Figure 2.

Results

Lateralization of White Matter Microstructure at 3 Developmental
Stages
Differences in the LI values at each node along AF between FHD−
and FHD+ were examined at 3 developmental stages (see Fig. 2).
At the pre-reading stage, there were signiﬁcant differences
between FHD− and FHD+ children on nodes 8–19 and nodes
23–26. FHD+ children showed right lateralization in AF, whereas
FHD− children showed left lateralization in AF. At the beginning
reading stage, nodes 14–15 showed group differences between
FHD− and FHD+ children. FHD+ children showed right lateralization in AF, whereas FHD− children showed left lateralization in
AF. At the ﬂuent reading stage, there was no signiﬁcant group difference. There was no difference in the LI of ILF and SLF between
FHD− and FHD+ children.

Demographic Information and Behavioral Assessments

Longitudinal Analyses

Descriptive statistics of demographic characteristics and behavioral assessments are summarized for the cross-sectional data
in Supplementary Table 1 and for the longitudinal data in Supplementary Table 2. At the pre-reading stage, FHD− compared
with FHD+ children showed signiﬁcantly higher scores only in

Tract-Speciﬁc White Matter Maturation
Our cross-sectional results showed signiﬁcantly lower FA in the
left AF for FHD+ compared with FHD− children on node 24 for
all 3 reading development stages, and therefore, tract-speciﬁc
white matter maturation was examined on this node. The

Figure 2. Tract lateralization index (LI) proﬁles between the 1st and 50th nodes for AF are shown for 3 reading developmental stages. Solid lines represent the mean LI and
dotted lines denote standard error of the mean. Negative LI indicates left lateralization. Nodes that show signiﬁcant group differences between FHD− and FHD+ children
are marked in red on the 3-dimensional rendered tract (P < 0.05, FDR-corrected).
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Figure 3. Scatter plots of FA at node 24 for the left AF are grouped by familial risk status (1-1) and reading ability (2-1). Solid lines represent the linear relationship between
FA and age (years) for each group. Gray-dotted lines represent the linear relationship between FA and age (years) for each child. Node 24 is marked in red on the
3-dimensional rendered tract. (1-2) shows the boxplot for FA-development rates by familial risk status. (2-2) shows the boxplot for FA-development rates by reading ability.

FA-developmental trajectories for node 24 of the left AF were
shown in Figure 3. FHD− children’s FA-developmental trajectory
is FA = (Age) × 0.0015 + 0.2875 (P = 0.0008), while FHD+ children’s
FA-developmental trajectory is FA = (Age) × 0.0014 + 0.2452
(P = 0.0053). Subsequent good readers’ FA-developmental trajectory
is FA = (Age) × 0.0016 + 0.2487 (P = 0.0005), while subsequent poor
readers’ FA-developmental trajectory is FA = (Age) × 0.0010 + 0.3009
(P = 0.0842). Furthermore, the age-adjusted rate of FA development
from each child was summarized in boxplots for FHD− and FHD+
children (see Fig. 3, 1–2) and for subsequent good and poor readers
(see Fig. 3, 2-2). There was no signiﬁcant difference between FHDand FHD+ children (P = 0.9313), whereas subsequent good readers
showed a signiﬁcantly higher rate of FA development compared
with subsequent poor readers (P = 0.0062).

Brain Development–Behavioral Relationship
Both FHD- and FHD+ children showed a positive association
between the rate of FA-development and reading development.
Thus, the 2 groups were pooled together. For the left AF, rates
of FA development and word identiﬁcation skill development
correlated positively on nodes 21–26 (see Fig. 4). A higher rate of
FA development in the temporo-parietal segments was associated with greater increase in word identiﬁcation skill (r = 0.3386,
P < 0.05). On nodes 5–7 and 18–20 of the left ILF, rates of FA development correlated positively with greater increase in silent reading ﬂuency skill measured by the Test of Silent Word Reading
Fluency (TOSWRF) (r = 0.3431, P < 0.05) (see Fig. 4).

Prediction of Later Reading Comprehension
and Fluency (Longitudinal)
The mean FA-development rate of all tracts, familial risk, and
psychometric measures at the pre-reading stage were combined
in backward stepwise regression analyses to identify the optimal
set of predictors for later reading abilities (see Fig. 5). When using
the WRMT-R Passage Comprehension standard scores as a quantitative measure of reading comprehension skill, R 2 was 0.56 (P =
0.004) and the best set of predictors included the following: 1) the
mean FA-development rate of the left AF (contributing 7% of R 2);
2) left SLF (contributing 45% of R 2); 3) RAN Objects (contributing
13% of R 2); 4) KBIT-2 Nonverbal IQ standard scores (contributing
18% of R 2) at the pre-reading stage; 5) familial risk (contributing
17% of R 2). When using the WJ-III Reading Fluency subtest standard scores as a quantitative measure of reading ﬂuency, R 2 was
0.62 (P = 0.0003) and the best set of predictors included the
mean FA-development rate of left SLF (contributing 27% of R 2),
RAN Objects (contributing 31% of R 2), KBIT-2 Nonverbal IQ standard scores (contributing 19% of R 2) at the pre-reading stage, as
well as familial risk (contributing 23% of R 2).

Potential Compensatory or Protective Factor
in the Right SLF (Longitudinal)
Of 21 FHD+ children, 11 children subsequently developed into
good readers, while 10 children subsequently developed into
poor readers. The FHD+ children who subsequently developed
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Figure 4. Scatter plots of rates of FA development versus changes of reading development for the left AF and ILF. The representative node 23 is plotted for the left AF, and
the representative node 19 is plotted for the left ILF. Solid black lines represent the linear relationship between rates of FA development and changes of behavioral
assessments. Nodes that show signiﬁcant correlation between rates of FA development and changes of behavioral assessments are marked in red on the
3-dimensional rendered tract (P < 0.05, FDR-corrected).

into good readers showed a signiﬁcantly higher rate of FA development in the temporo-parietal segments of the right SLF compared with those FHD+ children who subsequently developed
into poor readers (P = 0.015) (see Fig. 6).

reading abilities, emphasizing the importance of considering
white matter development as a dynamic variable when examining typical and atypical reading development and their brain
correlates.

Discussion

Tract-Speciﬁc White Matter Microstructure
(Cross-Sectional)

The present study is the ﬁrst to examine tract-speciﬁc white matter microstructure in a cross-sectional cohort and characterize
white matter development in a longitudinal cohort including
both FHD− and FHD+ children across early reading development
from the pre-reading to ﬂuent reading stage. Signiﬁcant lower FA
was observed for FHD+ compared with FHD− children in 3 major
left hemispheric white matter tracts including AF, SLF, and ILF
after the onset of reading instruction. In addition, reduced FA
and reduced lateralization in the temporo-parietal segments of
the AF in FHD+ compared with FHD− children were observed at
the pre-reading stage, indicating that tract-speciﬁc white matter
alterations predate reading onset. Furthermore, we observed a
signiﬁcantly positive correlation between the rate of white matter development and reading development across both groups,
suggesting that the maturation of white matter pathway plays
an important role in atypical and typical reading development.
Interestingly, both FHD− and FHD+ children exhibit a positive
slope of white matter development, but there were signiﬁcant
differences in the rate of FA development between subsequent
good and poor readers. Moreover, a subset of FHD+ children
who developed into good readers show faster white matter development in the right SLF compared with those FHD+ children who
developed into poor readers, suggesting a potential right-hemispheric compensatory mechanism for DD. Finally, white matter
maturation from the pre-reading to the ﬂuent reading stage in
the longitudinal cohort combined with familial risk and psychometric measures at the pre-reading stage best predict later

For the left AF, the cross-sectional results demonstrate reduced
FA in the temporo-parietal segments in FHD+ children compared
with FHD− children at the pre-reading/beginning reading/ﬂuent
reading stages. This aligns with previous studies showing reduced FA in left fronto-temporal and temporo-parietal regions
in school-age children and adults with DD or reading impairment
(Klingberg et al. 2000; Niogi and McCandliss 2006; Steinbrink et al.
2008; Carter et al. 2009; Rimrodt et al. 2010; Vandermosten, Boets,
Poelmans, et al. 2012), kindergartner at familial risk for DD (Vandermosten et al. 2015) and infants at familial risk for DD (Langer
et al. 2015). In addition, previous neuroimaging studies have
shown atypical event-related potentials (ERP) to auditory speech
stimuli in toddlers or infants at familial risk for DD (Guttorm et al.
2001, 2010; Molfese et al. 2001, 2002; Espy et al. 2004; van Herten
et al. 2008; Leppanen et al. 2012), reduced gray matter volume and
functional activation within a left hemispheric network in FHD+
children at the pre-reading stage (Raschle et al. 2011; Raschle,
Zuk, Ortiz-Mantilla, et al. 2012; Raschle, Zuk, Gaab 2012; Raschle
et al. 2013), and atypical sulcal pattern in early beginning readers
with DD and kindergartner at familial risk for DD (Im et al. 2014).
Thus, together with previous ﬁndings of functional and neuroanatomical alterations related to DD prior to formal reading instruction, our results provide further evidence that the reduced
FA of the left AF observed in school-age children and adults
with DD is not a consequence of reading impairment, but predate
the onset of formal reading instruction. On the contrary, a recent
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Figure 5. Prediction of reading comprehension (1-1) and ﬂuency (2-1) using backward stepwise regression analysis to identify the best set of predictors which includes the
combination of behavioral and FA-development rate (slope) measures along with familial risk: (1-1) Woodcock Reading Mastery Tests-Revised Passage Comprehension
subtest, (2-1) Woodcock-Johnson Tests of Achievement-III Reading Fluency subtest. For each scatter plot, predicted scores are shown on the x-axis, and measured scores
are shown on the y-axis. Blue dots: FHD− children, Red dots: FHD+ children. (1-2) and (2-2) are the relative importance bar plot with 95% bootstrap conﬁdence intervals for
reading comprehension and ﬂuency, respectively. Tract names and behavioral measures are abbreviated as follows: tr19 = left arcuate fasciculus, tr15 = left superior
longitudinal fasciculus, r0_r = RAN Objects standard scores at the pre-reading stage and r0_k = KBIT-2 Nonverbal IQ standard scores at the pre-reading stage.

study failed to reveal altered FA in the left AF in Dutch-speaking
kindergartner at familial risk for DD (Vandermosten et al. 2015).
The lack of signiﬁcant differences between FHD− and FHD+ children in Vandermosten et al. may be explained by the fact that
they examined children who speak Dutch, a more transparent
language, or by reduced sensitivity, since only the mean FA of 2
long segments of the left AF was computed, and no ﬁne grained
analysis of AF segments was conducted. Similarly, no signiﬁcant
differences of FA could be observed in the left AF between FHD−
and FHD+ children at the pre-reading stage when we merely computed the mean FA of the left AF. The AFQ method employed in
the present study computes FA at multiple equidistant nodes
along the tract with more precise spatial localizations, thereby
providing greater sensitivity for detecting group differences between FHD− and FHD+ children. However, Vandermonsten
et al. also observed a positive correlation between FA in the left
AF and phonological awareness, similar to Saygin et al. in kindergartner, which is in line with previous studies suggesting that the
left AF plays an important role in phonological awareness (Saygin
et al. 2013; Thiebaut de Schotten et al. 2014; Dehaene et al. 2015;
Vandermosten et al. 2015).
For the left ILF, our results showed no signiﬁcant group difference between FHD− and FHD+ children at the pre-reading stage,
but signiﬁcantly reduced FA in FHD+ children compared with
FHD− children at later reading stages. Our ﬁnding indicates that

diffusion anisotropy is tract-speciﬁc and differs between FHD−
and FHD+ children. This is in agreement with the dual route theory of reading (Jobard et al. 2003). Reading requires a network of
brain regions communicating with each other through white
matter pathways. While the left AF pathway has been related to
speech production, auditory comprehension, and reading
(Rauschecker et al. 2009; Yeatman et al. 2011; Vandermosten,
Boets, Poelmans, et al. 2012; Yeatman, Dougherty, Ben-Shachar,
et al. 2012; Vandermosten et al. 2015), the left ILF pathway has
been associated with visual processing of words (Cohen 2003;
Jobard et al. 2003; Yeatman et al. 2011; Vandermosten, Boets,
Wouters, et al. 2012). The left ILF is also suggested to constitute
the neuroanatomical pathway that facilitates the orthographic
reading route, which transfers visual information from occipital
areas to the VWFA, where information is orthographically processed (Anwander et al. 2007; Vandermosten, Boets, Poelmans,
et al. 2012; Qi et al. 2015). In line with a study by Saygin et al.
(2013) that demonstrated no association between the volume of
the left ILF and phonological awareness scores in 40 kindergartners who had received little or no reading instruction, the absence of group differences between FHD− and FHD+ children in
the present study at the pre-reading stage reﬂects their lack of
reading experience. Moreover, the left ILF might be insufﬁciently
developed in pre-readers and might be shaped by learning experience. Furthermore, observed increases in activation of the
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et al. 2007; Keller and Just 2009; Yeatman et al. 2011; Vandermosten, Boets, Wouters, et al. 2012). Despite limitations of current DTI
techniques, which are unable to disentangle microscopic and
macroscopic factors, a possible explanation for the present ﬁndings could be that genetic inﬂuences during the development of
white matter tracts may cause less diffusivity perpendicular to
the principle axis of diffusion in white matter tracts. Therefore,
the reduced FA along with increased RD indicates reduced myelination of axons in FHD+ children, leading to slower transmission of action potentials between neurons (Klingberg et al. 2000;
Glasser and Rilling 2008).

Lateralization of White Matter Microstructure
(Cross-Sectional)

Figure 6. In FHD+ children, boxplots of rate of FA development on nodes 29–41 of
the right SLF are shown by reading ability (subsequent good versus poor readers).
Nodes that show signiﬁcant differences in FA-development rate between
subsequent good and poor readers within FHD+ children are marked in red on
the 3-dimensional rendered tract (P < 0.05, FDR-corrected). Dark blue: FHD+
children who subsequently developed into good readers, Dark red: FHD+
children who subsequently developed into poor readers.

VWFA in previously illiterate adults who learned to read during
adulthood (Dehaene and Cohen 2011), and increases of FA in
the white matter pathway induced by literacy acquisition (Thiebaut de Schotten et al. 2014; Dehaene et al. 2015), as well as in
children with DD after reading intervention (Heim et al. 2015),
have demonstrated that the VWFA is highly plastic and strongly
inﬂuenced by environmental experiences, such as learning to
read.
For the left SLF, the frontal and temporo-parietal segments
presented signiﬁcantly lower FA in FHD+ children compared
with FHD− children at later reading stages, but not at the
pre-reading stage. In agreement with earlier DTI studies of DD
(Klingberg et al. 2000; Beaulieu et al. 2005; Deutsch et al. 2005;
Niogi and McCandliss 2006; Carter et al. 2009), which have
shown reduced white matter anisotropy in individuals with DD,
the present results revealed similar reduction of FA in children at
familial risk for DD.
Animal studies have shown that increased RD is associated
with reduced myelination, whereas decreased AD is related to
axonal degeneration (Song et al. 2005; Ashtari et al. 2007; Harsan
et al. 2007; Vandermosten, Boets, Wouters, et al. 2012). However,
their underlying biophysical properties are still under debate
(Wheeler-Kingshott and Cercignani 2009). Thus, in the present
study, in addition to FA values, we also examined AD and RD
indices to acquire more information about white matter microstructure differences between FHD− and FHD+ children. The segments of tracts of interest that showed signiﬁcantly lower FA also
showed higher RD in FHD+ children compared with FHD− children. This aligns with the majority of research studies that previously suggested that white matter abnormalities due to reading
differences are rooted in atypical RD rather than AD (Dougherty

Previous studies have suggested a leftward asymmetry of the AF
in typically developing toddlers (Dubois et al. 2009; Lebel et al.
2012) and young adults (Lebel and Beaulieu 2009; Johnson et al.
2013). Here, at the pre-reading stage, FHD+ children demonstrated right lateralization in the anterior segment of the AF,
whereas FHD− children showed left lateralization. This is the
ﬁrst study to report a rightward asymmetry of the frontal and
temporo-parietal segments of the AF for pre-readers at familial
risk for DD. Notably, reduced leftward asymmetry in the posterior
region of the superior temporal gyrus and the AF has previously
been shown in adults with dyslexia (Vandermosten et al. 2013), as
well as children with reading impairment (Niogi and McCandliss
2006). A clinical case report also described 4 patients with dyslexia who showed symmetry of the planum temporale instead
of left-lateralized asymmetry (Galaburda et al. 1985). Interestingly, the section along the AF showing right lateralization in FHD+
children reduced in size over the course of brain development,
which suggests that white matter alterations in the AF in FHD+
children remain capable of plastic changes through brain development, most likely as a result of postnatal factors such as home
literacy environments and quality of reading instruction.

Tract-Speciﬁc White Matter Maturation (Longitudinal)
A unique aspect of the present study was the longitudinal cohort,
which allowed for differentiation of tract-speciﬁc white matter
development between FHD− and FHD+ children and between
subsequent good and poor readers. During brain development,
synaptic pruning and ongoing axonal myelination depend on
both intrinsic genetic and extrinsic environmental factors
(Emery 2010; Yeatman, Dougherty, Ben-Shachar, et al. 2012;
Wandell and Yeatman 2013). These white matter maturation
processes are quantiﬁed by changes of FA values and have been
shown to be integral to the development of cognition (Paus et al.
1999; Schmithorst et al. 2005, 2011; Wang et al. 2012; Yeatman,
Dougherty, Ben-Shachar, et al. 2012; Saygin et al. 2013; Myers
et al. 2014). For the ﬁrst time, this study provides insights on
how FA-development rate differs between FHD− and FHD+ children along a tract instead of a merely global mean FA of the
tract, and how it relates to the development of reading abilities.
Diffusion properties have been shown to vary substantially
along a tract using the novel AFQ technique (Johnson et al.
2013). Thus, it is essential to examine regional diffusion properties along the tract to achieve better spatial speciﬁcity and
understanding of underlying biological processes. Based on the
cross-sectional results that indicated lower FA in FHD+ compared
with FHD− children at all reading stages in one temporo-parietal
segment of the left AF, this segment was examined using the
longitudinal study design. At this speciﬁc spatial section, both
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FHD− and FHD+ children displayed positive FA-developmental
slopes. In addition, FHD+ children show reduced FA compared
with FHD− children, which aligns with our cross-sectional results. Furthermore, the signiﬁcantly lower rate of white matter
development in subsequent poor readers suggests an atypical
white matter developmental pattern in children who subsequently developed into poor readers. This ﬁnding aligns with
Klingberg et al. (2000) and partially aligns with Yeatman, Dougherty, Ben-Shachar, et al. (2012). Klingberg et al. observed lower FA
in the temporo-parietal regions of white matter in poor adult
readers compared with typical adult readers. Interestingly, Yeatman et al. observed that 7-year-old children with low initial FA
and a positive FA-developmental slope subsequently developed
into good readers, whereas children with high initial FA and a
negative FA-developmental slope subsequently developed into
poor readers. The authors proposed a synchronous dual process
for subsequent good readers and an asynchronous dual process
for subsequent poor readers. Subsequent good readers experience that FA increases monotonically and then approaches its
mature level, whereas subsequent poor readers experience that
FA overshoots at about age 7.5 and then decreases afterwards.
Thus, they suggested that both components (myelination and
pruning) of the dual process of white matter maturation are
driven by the same experiential factors for subsequent good
readers, but are driven by different experiential factors for subsequent poor readers. The present study also identiﬁed different
rates of FA development in subsequent good readers compared
with subsequent poor readers, suggesting that children with different subsequent reading ability present different proﬁles of
white matter maturation. However, some substantial differences
between our study and the study by Yeatman et al. (2012) could be
observed. First of all, the children in our study who subsequently
develop into poor readers show higher initial (at age 5 years) FA
values than the subsequent poor readers. This is in line with previous work that has shown higher FA values in the left AF in infants with a familial risk of DD (Langer et al. 2015) using the AFQ.
Furthermore, the subsequent poor readers in the present study
still present an overall positive FA-developmental slope rather
than a negative slope as shown by Yeatman et al. (2012). Additionally, there is no overshoot of FA in subsequent poor readers
at age 7.5 in the present study. These discrepancies may be due to
the difference of the initial age (youngest subject) between their
study sample and ours. The initial age of our study sample is approximately 5 years old, rather than 7 years old as reported in
Yeatman et al. (2012). Previous literature on white matter maturation in humans has shown that FA increases with age until early
adolescence, which is primarily driven by brain maturation consisting of 2 main processes, including myelination and pruning
(Giedd et al. 1999; Hermoye et al. 2006). Animal studies have further shown that both myelin extension and myelin pruning coexisted and changed during early development (Liu et al. 2014).
Thus, children at age 5 may experience a different dual process
of myelination and pruning compared with children at age
7. However, the oldest children in our sample size were 12 years
old, the same age that reported in Yeatman et al., and we still did
not observe a negative slope. This difference may be explained by
the fact that we examined only one segment of the AF in our
study, which was selected based on our cross-sectional results
(located in the parieto-temporal portion), and Yeatman et al. examined the mean of the entire tract. Since Johnson et al. (2013)
have reported that not only diffusion properties, but also the
relationship between age and diffusion metrics, vary signiﬁcantly along a tract, the dual process as described above and its relationship to reading development may vary substantially along
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the tract. Based on our result, we hypothesize that myelin extension in the parieto-temporal portion of the tract is dominant for
children at younger age and accompanied with less myelin pruning compared with children at older age. Moreover, our results
suggest that subsequent poor readers may experience slower
myelination and a similar pruning process compared with subsequent good readers. Nonetheless further quantitative studies are
needed to explain the underlying driving force for different FAdevelopmental rates during the development of reading. Taken
together, the present ﬁndings suggest that the positive FA-developmental slope of white matter tracts is essential for successful
reading development, which is supported by studies that showed
that the acquisition of literacy or word learning leads to an increase in the FA of the left AF (Lopez-Barroso et al. 2013; Thiebaut
de Schotten et al. 2014) and that reading remediation can lead to
an increase in the FA of the left anterior AF in poor readers (Keller
and Just 2009). Furthermore, alterations in white matter tracts
connecting temporo-parietal and frontal cortices in individual,
with DD can lead to a disruption in communication between
functional regions (Klingberg et al. 2000; Ben-Shachar et al.
2007). In accordance with previous ﬁndings, the present results
demonstrate that slower FA development in the temporo-parietal segment of the left AF can lead to insufﬁcient transmission
between reading-related functional regions, which might indirectly lead to subsequent poor reading development.

Brain Development–Behavioral Relationship
(Longitudinal)
The longitudinal design of the present study allowed us to investigate how developmental changes of white matter integrity relate to changes of reading skills. A recent longitudinal DTI
study observed that white matter development was associated
with gains in cognitive performance, including response inhibition and working memory (Simmonds et al. 2014). Additionally,
white matter development supports the development of cognitive abilities such as cognitive control and reasoning (Chaddock-Heyman et al. 2013; Ferrer et al. 2013; Deoni et al. 2014).
Previous cross-sectional studies have associated development
of reading ability with changes of white matter maturation in
the left temporo-parietal region (Klingberg et al. 2000; Nagy
et al. 2004). White matter maturation has been suggested to relate
to cognitive development during childhood and adolescence
(Barnea-Goraly et al. 2005; Tamnes et al. 2010; O’Muircheartaigh
et al. 2014). The present study extends these cross-sectional ﬁndings by using a longitudinal design, allowing the application of
linear mixed-effects regression to quantify FA-developmental
rate in each tract. The rates of FA development in the left AF
and ILF positively correlated with improved reading abilities.
This ﬁnding agrees with previous studies (Klingberg et al. 2000;
Beaulieu et al. 2005) identifying regional brain structural correlations with untimed single word reading. The present ﬁndings
provide evidence that faster increases of white matter integrity
in the left temporal segments of ﬁber tracts relate to faster development of reading abilities, indicating that the underlying biological process of white matter maturation may play an
important role in reading development. On the contrary, a recent
study failed to detect an association between the rate of reading
development and the rate of white matter development (Yeatman, Dougherty, Ben-Shachar, et al. 2012). This could have resulted from the similar rates of reading improvement across
good and poor readers in this study with few changes in rank
order, which may have led to low statistical power. However,
the present study has a more heterogeneous sample that
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included both FHD− and FHD+ children, resulting in various rates
of reading improvement among subsequently poor and good
readers, and thus, the statistical power for detecting association
between the 2 rates of development was higher.

Prediction of Later Reading Comprehension and Fluency
(Longitudinal)
Previously, Hoeft et al. (2007) demonstrated that a model that
combined functional and structural characteristics with behavioral test scores accounted for 81% of the variance on the
WRMT-R Word Attack subtest, which is a standardized test of decoding and phonemic awareness. The same group also reported
that functional activation combined with white matter integrity
predicted reading gain over 2.5 years with 72% accuracy in children with DD (Hoeft et al. 2011). Moreover, a recent study revealed
that volume changes in temporo-parietal white matter, together
with preliteracy measures, predicted 56% of the variance in reading outcomes (Myers et al. 2014). Consistent with previous ﬁndings, the present study demonstrates that combined behavioral
and neuroanatomical data, along with familial risk, accounted
for 56% of variance in reading comprehension and 62% of variance in reading ﬂuency. Our ﬁndings further suggest that the
addition of white matter development rates improves the prediction of later reading comprehension and ﬂuency over behavioral
scores. Using both WRMT-R Passage Comprehension and WJ-III
Reading Fluency standard scores, the FA-developmental rate of
the left SLF plays an important role in predicting later reading
abilities. This ﬁnding aligns with a previous study suggesting
that damage to the left SLF pathway led to impaired language ﬂuency (Catani et al. 2005). In addition, the left SLF pathway has
been associated with language perception and articulation (Baddeley 2003; Duffau 2008). Thus, the development of the left SLF is
crucial for facilitating structural pathways to support reading ﬂuency. Moreover, the FA-development rate of the left AF only improves the prediction of reading comprehension assessed by
the WRMT-R Passage Comprehension subtest. This ﬁnding
seems somewhat surprising. However, previous studies have
suggested that the left AF consists of various subcomponents
which have been related to different reading and reading-related
abilities (Anderson et al. 1999; Duffau 2008; Vandermosten, Boets,
Poelmans, et al. 2012; Thiebaut de Schotten et al. 2014; Gullick
and Booth 2015). Thus, using the mean FA along the entire tract
may have confounded regional differences within the tract and
therefore may have resulted in reduced sensitivity for detecting
microstructural differences. Further, the contribution of RAN
alone to reading ﬂuency was 18%, supporting previous studies
that reported RAN as one of the best predictors of reading ﬂuency
(Krasowicz-Kupis et al. 2009; Norton and Wolf 2012). Additionally,
familial risk for DD explained 20% of the variance for both regression models, which aligns with previous studies suggesting a
strong genetic basis for DD (Galaburda et al. 2006; Snowling et al.
2007; Raschle et al. 2011, 2013; Black et al. 2012; Raschle, Zuk,
Ortiz-Mantilla, et al. 2012; Raschle, Zuk, Gaab 2012; Costa et al.
2013; Hosseini et al. 2013; Myers et al. 2014). Finally, KBIT-2
Nonverbal IQ explained 20% of the variance for both regression
models. The present ﬁnding supports evidence that nonverbal IQ
plays an important role in predicting later reading outcomes,
maybe because of its least dependency on education opportunities
(Fathi-Ashtiani and Ahmadi 2006), which align with previous ﬁndings suggesting nonverbal IQ to be a protective factor for children at
familial risk for DD (Stanovich 1996; van der Leij et al. 2013). Overall,
the present study suggests that white matter development is an
important speciﬁc structural risk factor for DD.

Potential Compensatory or Protective Factor in the Right
SLF (Longitudinal)
Previous auditory ERP studies have shown signiﬁcant differences
between 6.5-year-old kindergartner at familial risk for DD who
were later diagnosed with DD at school age and those who were
not (Maurer et al. 2003, 2009; Hämäläinen et al. 2013), but it
remains relatively unclear which one or set of protective factors
and/or compensatory mechanisms play a signiﬁcant role and
how they develop over time. In addition, Hoeft et al. (2011) observed a signiﬁcantly positive correlation between longitudinal
reading gains over 2.5 years and FA of the right SLF in 17 adolescents with DD but not in typical readers, suggesting the existence
of a potential compensatory mechanism in the right SLF in adolescents with DD. Moreover, hyperactivation in the right superior
frontal and mid-temporal regions has been reported in compensated readers (Shaywitz et al. 2003). In the present study, FHD+
children who later developed into good readers demonstrated
signiﬁcantly higher rates of FA development in the right SLF
than those FHD+ children who later emerged as poor readers.
This suggests that the higher rate of FA development in the
right SLF may be a protective factor for FHD+ children. A possible
explanation is that FHD+ children who subsequently develop into
good readers despite a familial risk for DD experience faster maturation in the right SLF, which may facilitate rapid neural transmission in the right hemisphere and compensate for white
matter alterations in the left hemisphere. However, the present
study cannot answer the question of whether the hypothesized
faster maturation in the right hemisphere is a consequence of
genetic predisposition or caused by environmental inﬂuences,
or a combination of the 2.

Limitations and Future Directions
There are several limitations in the present study. First, due to
missing data points, the longitudinal sample size is relatively
small, thus limiting the number of independent variables that
could be included in the regression analyses. As a consequence,
the mean FA of each tract of interest was used to characterize the
whole tract, which confounded regional differences within the
tract and reduced sensitivity for the detection of microstructural
differences. Second, the developmental trajectories of each tract
are over the age span from 5 to 12 years. Previous studies have
shown that white matter development begins in utero and continues through late adolescence or early adulthood (Paus et al.
1999; Giedd 2008). Thus, to understand the entire process of
white matter development, it is necessary to collect longitudinal
data staring from as early as infancy and continuing through late
adolescence.

Summary
This cross-sectional and longitudinal study, for the ﬁrst time,
identiﬁed altered development of regional tract-speciﬁc white
matter microstructure from the pre-reading to the ﬂuent reading
stage in children at familial risk for DD compared with controls. A
positive association between the rates of white matter development and reading development, along with faster white matter
development in subsequent good readers compared with poor
readers suggest that white matter development plays a prominent role in typical and atypical reading development. Finally, the
rate of white matter development combined with familial risk
and psychometric measures at the pre-reading stage best predicted later reading abilities, emphasizing the importance of
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white matter maturation, as a dynamic variable, in predicting
typical and atypical reading outcome.
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